Obesity is associated with increased macrophage infiltration of adipose tissue, and these macrophages may be an important component of the chronic inflammatory response playing a crucial role in the development of insulin resistance. This prompts the question as to how macrophages infiltrate obese adipose tissue. In this issue of the JCI, Weisberg et al. show the importance of C-C motif chemokine receptor 2 (CCR2) in macrophage recruitment to adipose tissue and the development of obesity and its complications (see the related article beginning on page 115).
there is no question that the inflammatory pathway becomes activated in adipose tissue in various insulin-resistant states, and that this has deleterious effects on insulin action in adipocytes, the total contribution of adipose tissue as a systemic source of these circulating cytokines/chemokines is still unclear. In this regard, recent attention has focused on the potential role of macrophages in this process (4) . Thus, Weisberg et al. and Xu et al. have shown that, in obesity, adipose tissue contains an increased number of resident macrophages and that, in some circumstances, macrophages can constitute up to 40% of the cell population within an adipose tissue depot (5, 6) . Macrophages are obviously a potential source of secreted proinflammatory factors, and these correlative data have led to the concept that macrophages can directly influence adipocyte biology and systemic insulin resistance. Taking this story further, Arkan et al. have recently presented evidence indicating the causal role of the macrophage in leading to insulin resistance in mice (7) . They disabled the inflammatory pathway within macrophages by creating myeloid-specific inhibitor of NF-κB kinase β (IKKβ) KO animals. When fed a high-fat diet (HFD), the macrophage-specific IKKβ KO mice were relatively protected from glucose intolerance and hyperinsulinemia, and euglycemic clamp studies showed a global improvement in insulin sensitivity in all insulin target tissues. These studies are consistent with the interpretation that the macrophage is an important, and potentially initiating, cell type in the process of inflammation-induced insulin resistance.
Role of CCR2
The mechanism of macrophage recruitment to adipose tissue has not been defined in detail, but it presumably involves increased secretion of chemotactic molecules by adipose tissue. One such candidate is C-C motif chemokine ligand 2 (CCL2; also known as monocyte chemoattractant protein-1). CCL2 is a member of the C-C motif chemokine family and is a major ligand for C-C motif chemokine receptor 2 (CCR2) (8) . CCL2 and its receptor CCR2 are crucial for monocyte/macrophage recruitment in several inflammatory models, and CCL2 is highly expressed in the adipose tissue of obese subjects and rodents (8) (9) (10) . Furthermore, CCR2 is expressed by adipocytes, and incubation of 3T3-L1 adipocytes with CCL2 leads to a state of cellular insulin resistance, as manifested by decreased insulin-stimulated glucose uptake ( Figure 1A ) (9) . Addition of CCL2 to differentiated adipocytes in vitro decreases expression of several adipogenic genes, suggesting a role for CCL2 and CCR2 in adipogenesis (9) .
In this issue of the JCI, Weisberg et al. (11) report their studies assessing the role of CCR2 in macrophage recruitment to adipose tissue and the development of obesity and insulin resistance. They show that, in HFD-fed mice, CCR2 deficiency attenuated adipose tissue macrophage (ATM) accumulation, adipose tissue inflammation, and systemic insulin resistance. In mice with preexisting obesity, short-term pharmacologic antagonism of CCR2 reduced ATM content and improved insulin sensitivity. Of interest, they also found that KO of CCR2 had direct effects on the development of adiposity, at least in a subset of animals fed an HFD. In CCR2 KO animals fed chow diets, no differences in insulin sensitivity or adipose mass or function were noted. When mice were placed on an HFD, food intake was decreased in the KO mice, and, while these animals became obese, the increased adiposity was less than that observed in the WT animals. Since CCR2 is widely expressed, including in the CNS (12), the authors postulate a possible central effect of CCR2 deficiency on eating behavior. Interestingly, they found that adipocyte cell size was increased in the KO animals, implying that CCR2 deficiency, in some way, results in a decrease in adipocyte cell number, which might be related to the proposed function of the CCL2/CCR2 system in adi-pogenesis (9) . Although some of the CCR2 KO animals gained less weight on an HFD than WT mice, the authors were careful to control for this point by studying groups of WT and KO animals matched for adiposity. In this analysis, they clearly showed that the metabolic effects of CCR2 deficiency did not simply depend on the magnitude of obesity. When CCR2-deficient mice were weight-matched with WT controls, they still showed enhanced insulin sensitivity and decreased numbers of ATMs, as well as the other features of the phenotype. In addition, when mice were treated with a CCR2 inhibitor, they did not lose weight compared with control animals and yet still showed amelioration of insulin resistance.
This study (11) provides new and important evidence supporting the general view that increased adipocyte-derived CCL2 is a chemoattractant that participates in the process of macrophage recruitment into adipose tissue ( Figure 1A) , and suggesting that, when this process is disrupted by CCR2 KO or treatment with a CCR2 inhibitor, ATM content decreases, the adipose tissue inflammatory response is attenuated, and systemic insulin sensitivity improves. It should be noted, however, that different results were obtained in a recent study on CCR2 KO mice ingesting an HFD (13) . In the study by Chen et al., CCR2 KO animals fed an HFD did not show any differences in weight gain compared with controls, nor were there any differences in ATM accumulation or circulating basal glucose and insulin levels. Although these studies show different results, there were also some important differences in experimental design. The period of HFD feeding was shorter in the study by Chen et al. compared with the feeding period studied by Weisberg et al. (11) , and the CCR2 KO animals examined by Chen et al. were bred on a DBA1/J background instead of the C57BL/6J background used by Weisberg et al. It is well known that genetic background differences can have a major effect on metabolic phenotypes, and it is possible that these background differences extend to the effects of CCR2 depletion.
The study by Weisberg et al. (11) demonstrates the importance of CCR2 for ATM infiltration, but since CCR2 deletion did not normalize macrophage content or inflammatory gene expression, additional mechanisms must be involved in ATM recruitment and retention, as suggested by the authors. Several interesting questions remain unanswered in these studies. Through what cell type(s) does the CCR2 deficiency exert its effects? Most likely, deletion of macrophage CCR2 is responsible for the decrease in ATM content, and possibly the other phenotypic effects. However, CCR2 is also expressed in adipocytes, and since CCL2 can directly cause adipocyte insulin resistance ( Figure 1A ) (9) , the contribution of CCR2 deficiency in adipocytes to the overall phenotype remains to be determined. Such questions could be addressed by studies of tissue-specific CCR2 KO animals, or by generation of chimeric animals through transplantation of bone
Figure 1
Macrophage itinerary in adipose tissue infiltration. (A) Macrophage infiltration occurs after initial rolling and attachment of monocytes to activated endothelial cells. These monocytes then extravasate through the endothelial cell layer and differentiate into macrophages. In this issue of the JCI, Weisberg et al. show that CCL2 and its receptor CCR2 play an important role in macrophage chemotaxis (11) . Cross-talk among adipocytes, macrophages, and endothelial cells may aggravate the inflammatory state, resulting in increased secretion of proinflammatory cytokines/chemokines, adipokines, and angiogenic factors. These factors could cause local and/or systemic insulin resistance in a paracrine and/or endocrine fashion, respectively, and might also induce local angiogenesis. (B) Adipose tissue (AT) expansion during weight gain leads to recruitment of macrophages through a variety of signals, which may include local hypoxia. These macrophages predominantly localize around dead adipocytes.
marrow from CCR2 KO animals into WT mice. Additionally, what is the mechanism of the enhanced systemic insulin sensitivity observed in the CCR2 KO animals? Interestingly, adiponectin can lead to increased insulin sensitivity, but although adiponectin levels were increased in the CCR2 KO animals, levels did not change in the CCR2 antagonist-treated animals, suggesting that the increase in adiponectin was not the major cause of reduced insulin resistance with CCR2 deficiency. Furthermore, treatment with a CCR2 antagonist led to enhanced insulin sensitivity but did not change adipose tissue inflammatory gene expression, raising the question of whether activation of the inflammatory pathway within adipocytes is causally related to insulin resistance, or simply a secondary reactive event.
Therapeutic implications
Our current understanding would suggest that treatments that prevent macrophage infiltration into obese adipose tissue will have beneficial effects on the inflammatory response and the abnormal metabolic state. In pursuing these therapeutic goals, it should be kept in mind that there are normal biologic functions performed by ATMs. For example, a recent study showed that more than 90% of ATMs are located surrounding dead adipocytes ( Figure 1B) , suggesting that one of their normal functions is to clear necrotic debris from adipose tissue, similar to the well-known effects of macrophages in other inflammatory states (14) . Other studies have indicated that local tissue microhypoxia might play a role in chemotaxis and retention of macrophages in expanding adipose tissue depots ( Figure 1B) (15) . Adipogenesis and angiogenesis are tightly linked during fat mass development (16, 17) , and, like tumor growth, excessive growth of adipose tissue during the development of obesity depends on the formation of new blood vessels for the supply of oxygen and nutrients (18) (19) (20) . Since chemokines such as CCL2 can also act as angiogenic factors (21) , it is tempting to speculate that ATMs are involved in the neovascularization that takes place in expanding adipose tissue ( Figure 1A) . In this event, inhibition of macrophage infiltration might affect adipose tissue expansion by interfering with angiogenesis.
Future perspectives
Although a growing number of studies convincingly show that the ATM content is increased in obese rodents, as well as humans, it is still not clear whether ATM content and insulin resistance are causally related. We still lack definitive evidence that the presence of ATMs causes insulin resistance. It remains possible that ATMs are a marker rather than a cause of insulin resistance, and perhaps macrophages impair systemic insulin sensitivity through some other mechanism. Is the systemic insulin resistance due to secretion of soluble factors by macrophages that act locally (paracrine effects), or systemically (endocrine effects), or due to paracrine effects of macrophages that cause adipose tissue to release factors that cause the decrease in insulin sensitivity? In this respect, it would be of interest to study whether there is increased macrophage content, or localized secretion of macrophage-derived factors, in other insulin target tissues such as liver and muscle.
What causes the increase in expression of chemotactic factors, such as CCL2, that results in attraction of macrophages? Do these signals come from adipocytes or from resident macrophages or endothelial cells within adipose tissue? Does the first influx of macrophages cause subsequent attraction of more macrophages? If so, is this due to the release of chemoattractants by the macrophages themselves or increased production of these factors by adipocytes or other cells through paracrine actions of the macrophages? The interaction of macrophages with adipocytes and other insulin target tissues will clearly be the subject of intense future investigations.
